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ABSTRACT

The magnetic studies reported herein result from an
investigation of the domain wall motion required in a class of devices
represented by the single -film, multi -bit storage device. Chapter I is
concerned with the velocity of a domain wall in a thin magnetic film.
The wall is considered as being driven by a linear current ramp applied
to a tapered strip conductor. A macroscopic theory of wall motion is
presented in terms of two film parameters, the wall coercive force
and the wall mobility. A transient in the wall velocity is shown to
exist and its effect on device design is discussed. Experimental data
is presented for a range of current ramp rates. Chapter II is con-
cerned with magnetization configurations at edges in thin films. It is
a continuation of the results presented in Chapter I of Annual Report
570-A3. A new configuration consisting of a curling magnetization
distribution in a tapered edge film is introduced. This configuration
is treated theoretically and the results are correlated with those found
previously. The chapter concludes with a theoretical prediction of
which magnetization configuration is energetically preferred at a film
edge as a function of film thickness and edge taper angle. Chapter III
deals with the preparation and study of electron microscope specimens.
A technique is discussed that allows the direct study of film edges in
the electron midroscope. This technique involves the stripping of
films off glass substrates. In order to do this the substrate must be
covered with a soluble compound before film deposition takes place.
Preliminary results showing the effect of this technique on film pro-
perties are given. Chapter IV describes a modification of the electron
microscope to permit the application of controlled magnetic fields to
specimens under study. Two coils, each consisting of two turns, are
placed at right angles to each other inside the microscope specimen
chamber. The coil design is given and the theoretical magnetic field
expression is derived. The desired driving current functions are
given as is the ultimate design of the power supply. Chapter V dis-
cusses the general problem of switching in thin magnetic films when the
switching field is oblique to the film's easy direction. A theoretical
switching model is proposed that consists of a combination of rotational
and sequential switching processes. In terms of basic film and applied
field parameters, the model gives the field magnitudes at which various
segments of the switching process will occur. Also given are the equili -
brium states between the rotational and sequential segments of the.
switching process. Alternative sequential processes are discussed and
the theoretical expectation of each occuring is given. Experimental



data confirming various aspects of the theoretical model is presented.
This data is taken using the hysteresis curve tracer and also using
powder pattern techniques. The theoretical model provides a basis
for the explanation of variations in switching modes from film to film,
and gives a key to the relation between these modes and basic film
parameters.
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1. VELOCITY OF DOMAIN WALLS IN THIN FILMS

1.1 Introduction

Many properties of thin magnetic films may be studied by observing
domain walls in motion. In conducting such a study, it is useful to have
a theoretical basis for relating the wall velocity to the film and applied-
field parameters. On a microscopic basis, such a theory would deal
with: the structure of a moving wall, the eddy currents produced by
the wall motion, the effect of imperfections on the local magnetization
distribution, etc. This type of theory would be exceedingly difficult to
construct.

In this chapter, a macroscope theory of wall motion will be
presented. Interactions between a domain wall and the rest of the film
will be taken into account by using two lumped parameters, the wall
coercive force and the wall mobility.

The transient and steady-state solutions of the resulting differential
equation will be given and their effect on device design discussed. Experi-
mental evidence supporting the steady-state solution will be shown. From
such data the coercive force and mobility constants may be determined.

1.2 Theory of Domain Wall Velocity

In designing a device utilizing domain wall motion it is important
to know the relation. between the wall velocity and the wall driving
function. The usual method of moving a domain wall is to apply a linear
current ramp to a tapered strip(l). For this case, the velocity V of a
domain wall is given by( 2 ) w

V dx = .yt
Vw =-d A R = - Hc ( -1)

w dt x c)(-1

where R is the wall mobility constant, a is a function of the taper angle
of the conducting strip, (3) y is the current ramp rate, and Hc is the wall
coercive force. As shown in Fig. 1-1, x is the distance from the wall to
the taper apex and the time t is measured from the start of the.current
ramp.

Setting u = x/t, Eq. 1-1 becomes

dt -u du
t u2 + Hc Ru - RaY

I -l



CONDUCTING STRIP

DOMAIN WALL

FILM

x

Figure 1-la. Film Location on Tapered Conducting Strip.

CURRENT

I"
RAMP RATE =y

= I/1

TIME

Figure I-lb. Current Ramp Input Signal.

1-2



Integration of Eq. 1-2 yields

t +H Ru -Ra] =

C 2U+HcR - 1 a'4Y+ R 1 0-3a)
2uHR+ I4KaY+Hc 2R2J(-a

Hc R
where a (I -3b)

2J 4Rat'+H 2 R2

C

and C is the constant of integration.

Equation 1-I may be solved for u, giving

Ra u = (1-4)
Vw +He R

Substituting Eq. 1-4 into Eq. 1-3 yields Vw as an implicit function of time:

t[ ' + Ra =
L(Vw+Hc R)2 (Vw +HeR)

+_ _________R (1-5)

C2Rci /(Vw+HcR)+HcR " R +Hc2R2' I a

The steady -state solution of Eq. 1-1 is easily found by setting Vw = u in
Eq. 1-4 and solving. This yields

(Vw ) = R (4SY+Hc 2 R2 - Hc ). (1-6)
S

Assuming a domain wall initially at rest at t = 0 at a position
x = xo , it is of interest to find the transient involved before the wall
velocity reaches its steady-state value. To obtain a representative
transient curve, the following values will be .used:

Taper angle = 300 orat =1.2 oeo - cm
amp.

Ramp rate 'Y = 10 ampsec

Coercive force Hc = 1.5 oe,

Wall mobility R = 3 x 10 5 cm
sec - oe

1.43



Introducing these parameter values into Eq. 1-6 yields

(V) =u (t = 00) :: u = 7 x 103 cm/sec (1-7)w 8 , . .

Due to the non-zero coercive force the domain wall remains at
x = x until some time t =t is reached. Thus

0 0

V (t =t =0 (1-8)
w 0

Letting u° = x /t and substituting Eq. 1-8 into Eq. 1-1 yields

u = (Y*Y/H e = 8 x 103 cm/sec . (1-9)

It is apparent that as t goes from t to infinity, u goes from
8 x 103 to 7 x 103 cm/sec. 0

Equation 1-3 may be simplified by calculating the following
quantities. Setting

Hc R
a C24 RaY+H R 2  = 0.39, (1-10)2

U1.= (4R d+ Rc HcR) = 7 x 10 cm/sec.,

and (1-11)

u2 = 4 (k4RaY+Hc 
2 R+H cR)=57x103 cm/sec.

c c (1-12)

Equation 1-3 may be rewritten in the form
1 1+

[u-u I ] [ -a -u -u 2 1 a+ =C/t . (1-13)

Setting u = u0 at t =t in Eq. 1-13 yields

C = (41 x 103 )t o =(5.1)x °  (1-14)

The curve of V versus time can now be determined. It is
easiest to do this in two steps. First using Eq. 1-13, t may be found
for various values of u between 8 x 10 and 7 .x 103 cm/sec. The result-
ing curve is shown in Fig. 1-2. Now, using Eq. 1-4, Vw may be found
as a function of u and, by using Fig. 1-2, as a function of t. The result
is shown in Fig. 1-3.

Figure 1-2 shows clearly that a domain wall subjected to a drive
field increasing linearly with time will not reach its steady-state velocity

1-4
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instantaneously. Perhaps more important from a device viewpoint, the
time constant of the transient depends on the initial position of the wall.
Physically, this means that the remp duration necessary to move a wall
a given distance depends on the initial position of the wall. This is due
to the fact that a wall must absorb energy from the ramp field in order
to move. The rate at which the wall can absorb this energy depends on
the field gradient in which it rests. For a linearly tapered current
strip, this gradient is non-uniform. Thus velocity transient time is a
function of initial wall position.

The problem is complicated by the fact that stopping a moving wall
also involves some transient time. This renders more complex the
distance-pulse duration relation.

The usual signal used to place domain walls is shown in Fig. l-4a.
A simple analysis based on an instantaneous steady-state wall velocity
would yield the equally spaced domain wall pattern of Fig. 1-4b. The
result in Fig. 1-4b, however, should be modified in accordance with the
transient analysis presented here. If the wall storage density is high
enough, a logic element expecting to read output pulses that are all
strictly an integral multiple of some fundamental time unit might not be
able to unambiguously readout every output pulse for an actual non -
uniform domain wall spacing. This point must be considered and can
be taken into account when considered devices utilizing domain wall
information storage.

The assumptions implicit in taking Eq. 1-1 as the wall velocity
equation may be tested by measuring the steady-state wall velocity
(Vw) s.s., as given in Eq. 1-6, as a function of 'Y, the current ramp
rate. For high and low values of 'Y, Eq. 1-6 can be resolved into two
asymptotic forms. These are

2 11l

(a) _H>> 2 R/4.(V) a = (R)a a , (l-15a)

(b) 'Y << H 2 R/4 a (V ) = (a/Hc) -Y. (1-15b)
c w b C

By using these asymptotic equations with appropriate parameters,
experimental values of domain wall velocity as a function of current
ramp rate may be compared with theory.

1-7
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1.3 Experimental Studies of Domain Wall Motion

A study of the velocity of domain walls was made possible by the
development of magnetic films in which single walls could be moved
without the nucleation and growth of extraneous domains. The magnetiza -
tion at the edges of these films assumes a 900 "curling" configuration
upon easy axis saturation.( 4 ) Since any switching signal is due to the
motion of one unique wall, the steady-state wall velocity may be measured
by noting the time duration of the signal and the distance thewall moves
during this time interval. For the time intervals used, the transient
effect may be neglected.

To obtain an idea of the range of ramp rate necessary to achieve
results comparable with theory, the "cross-over" value of ramp rate
will be found. This is done by equating (Vw)a = (Vw)b in Eq. 1-15. This
vields, for the parameter values used earlier,

C = Hc 2 R =6.3 x 104 amp/sec. (1-16)

Experimental data was taken over the range Y = 0.2 x 104 to
Y = 50 x 104 amp/sec. In taking data, two different sensory techniques
were used. These were (a), sensing the motion of the wall by mcans of
an electrical voltage signal induced in a reading coil, (5) and (b) sensing
the motion of the wall by means of a photocell and polarizers, utilizing
the Kerr effect.( 6)

For lower values of Y the electrical output signal is not of suf-
ficient amplitude to enable one to distinguish it unambiguously from the
background noise level. At higher values of V the output of the photocell
is ambiguous as the frequencies of the integrated signal produced by the
photocell and those of the background noise coincide. Thus experiment, I
data was taken using the optical sensor from Y = 0.2 x i0 4 to Y = 5 x 104

amp/sec, and using the electrical sensor from N = I x 104 to - 50 x 104
amp/sec. There is some difficulty in measuring unambiguously the time
duration of the optical output signal. The limiting values of time duration
for each ramp rate were obtained by repeated measurements when the
optical pickup was used.

The films Pused in this experiment were those exhibiting the
"curling edge" configuration (4) Using these films it is possible to
move one domain wall along the film without extraneous walls nucleating
ahead of the main domain wall. Thus the experimental data is com -

parable with that found theoretically for the use of a single domain wall.

1-9
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Several films were examined using the process described above.IA typical result is shown in Fig. 1-5. The domain wall velocity is
plotted as a function of current ramp rate using log-log coordinates.
Also shown in Fig. 1-5 are the asymptotes to the curve of slope 1 and
1/2 respectively. From these asymptotes the values of the wall
coercive force, Hc, and the wall mobility, R, may be calculated.
For the data shown in Fig. 1-5 the results are Hc = 1.9 oe, and
R = 6 x 103 cm/sec -oe.

1.4 Conclusions

The expression for domain wall velocity given by Eq. (1) appears
to accurately represent the motion of domain walls in a field generated

2by a current ramp. For Y < < Hc R/4 a1 the wall velocity is pro-
portional to the ramp rate and inversely proportional to the wall coercive
force. The wall velocity is independent of the wall mobility.
For Y > > H 2 R/4Ci the wall velocity is proportional to the one-half
power of the raip rate-mobility product and is independent of the
coercive force.

This type of behavior indicates that at lower values of wall velocities
the limiting factor is microscopic film imperfections. These imper-
fections appear on a gross basis as the wall coercive force. At higher
wall velocities the limiting factor becomes induced electromagnetic
fields due to the rapid rate of magnetization switching. These induced
fields, by Lenz's law, act such as oppose the fields inducing them and
thus to limit the wall velocity. If Eq. 1-l is taken as representing the
steady-state behavior of a domain wall it follows that the transient
behavior described in Section 1 must also occur. Due to the short
time intervals and low signal levels evidence involved no direct experi-
mental evidence of this transient effect has been found. The available
equipment (6) would have to be modified to obtain higher ramp rates
in order for the transient to be measured directly.

In designing any device based on the motion of domain walls, the
effect of the velocity transient must be taken into account. Theories
based on a linear ramp duration - distance wall moves relationship are
incorrect. The correction for velocity transient time is especially
critical if high wall packing densities are being considered. This is
due to the dependance of the velocity transient upon initial wall position.

1-10
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2. MAGNETI ZATION CONFIGURATIONS AT EDGES IN THIN FILMS

2.1 Introduction

In Chapter II of Annual Report 570-A3 four types of magnetization
distributions at film edges were considered. These were: an "abrupt
edge" configuration, a "tapered edge" configuration, a "curling" con-
figuration, and a "closure domain" configuration. The configurations
are illustrated in Figs. 2-1 through 2-4.

In this chapter a new configuration, called the "tapered edge
curling" configuration, is introduced and analyzed theoretically. In con-
clusion, a summary of the new results together with those from
Report 570-A3 are given. The theoretically expected magnetization
distribution at an edge is discussed as a function of film thickness and
edge taper angle.

2.2 The "Tapered Edge Curling" Configuration

There are two possible ways in which a 90* curling configuration
may appear in a tapered edge film. One of these is shown in Fig. 2-5.
The energy of this configuration is equal to that of the 900 curling con-
figuration"a) plus an additional term due to the anisotropy energy of the
tapered region.

The additional energy Ej per unit film length in the hard
direction is

E' =2K(iT2 cot )=KT2 cot , (2-1)

where K is the anisotropy constant, T is the film thickness, and is the
edge taper angle. Since all other energy terms are of the order of
M2T 2 , where M is the magnetization, and since K/M 2 << 1, the Ei
energy term may be neglected.

Thus the energy of this configuration is essentially that of the
90* curling configuration in a non -tapered edge film.

The other possible "tapered edge curling" configuration is shown
in Fig. 2-6. This configuration combines the distributed magnetization
divergence of the "curling" configuration with the tilted planes of equal
charge density common to a "tapered edge" film.

It is apparent that an additional exchange energy term must be
included in the energy of this configuration due to the magnetization
rotation perpendicular to the film plane in the region of curling.

2-I



I

Fiur 2i Te Abut dg" ofiurtin

L

T

Figure 2-2. The "Tapered Edge" Configuration.

2 -2



X

EASY AXIS

Figure 2-3. The 900 "Curling" Configuration.
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To compute the new exchange energy term, it is necessary to
know how 0, the angle between the magnetization and the easy axis,
varies as a function of the x and y coordinates. The coordinate system
is shown in Fig. 2-6. It will be assumed that

e =Cos-I [I (x + ycot )2(2)
D 2

is a reasonable approximation to this distribution. Here D is the
distance over which the curling takes place. Ex, the exchange energy
per unit length of film given previously( 2 ) must now be modified to take
into account the angular dependance of 0 upon 0 given by Eq. 2-2.
Changing to the (u,v) coordinates of Fig. 2-6 enables Eq. 2-2 to be
written as

2

O=cos (2-3)
(D sin) 2 2

The exchange energy, Ex, is given by

T p DsinO( do 2
Ex = 2A sin 0 (-u) du (2-4)

0

where A is the exchange constant,

Upon integration Eq. 2-4 becomes
AT ~ 12

E s4 T [-- n ht "] = (5.0) AT/D sin 2 . (2-5)
x ~ Dsin~

The anisotropy energy may also be found from Eq. 2-2. However,
inspection of Fig. 2-6 makes it apparent that the result is independent
of +. Therefore, the anisotropy energy per unit length, Ek, is simply( 2 )

14
E = 1 KTD. (2-6)

The calculation of the demagnetization energy is extremely
difficult and will not be attempted here. Instead an analogy will be
drawn between the "abrupt edge" and "tapered edge" results on the one
hand and the "curling" and "tapered edge curling" results on the other.
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From previous results (3,4)the following analogy may be drawn:

"Abrupt Edge" <- > 'Tapered Edge" (2-7)

3+2Inw <- > 5+2In(wsin )+4sin -6sin2 4.

Keeping the coefficient ratios for equivalent terms the same as in
Eq. 2-7, the following analogy will be drawn between the "curling" and
"tapered edge curling" results.

"Curling" < > "Tapered Edge Curling" (2-8)
29 w . 145 58 29 .2-+92 1n - - -4+2 In (w sin ,/d) + 58 sin -2s

6 d 18 934

In Eqs. 2-7 and 2-8, w is the normalized film width, W/T, and
d is the normalized curling distance, D/T. While the coefficients of the
"tapered edge curling" expression given by Eq. 2-8 are probably incorrect,
it is felt that the functional form is correct enough to yield results of the
right order of magnitude.

The total energy per unit length Etp, of the "tapered edge
curling" configuration can now be written as

Etp=M2 T2[-!-j5+ 2In(w sin 58/d)+ -sin _ 29 sin2  ]
14 1

+14 KT2 d+(5. 0)A (2-9)+g- KT d+d sin 2

It is now desired to minimize Etp with respect to taper angle and
normalized curling distance d:

2 58 58

tp/ ffiM2T2[ 1sin + - - sinai cos

10A cos f 0, (2-10)
d sin3 (

M2 T2 [- 2 + 14 KT 2  (5.0) A
Ep/ad d 15 d2 sin2 1=0. (2-11)

Since the taper angles of most films are extremely small, the
solution of Eqs. 2-10 and 2-11 of particular interest is when 4<< 1. For
this case, Eq. 2-10 may be reduced to

2 
10A

sin d sin3o = 0 (2-12)
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The solution of Eq. 2-12 is

sin2 4o = 5A/M 2 T2d (2-13)

Substituting Eq. 2-13 into Eq. 2-11 and solving for d yields

d = ±- M2 /K. (2-14)
14

Substituting Eq. 2-14 into Eq. 2-13 yields

sin2  
o = 14 AK/9 M4 T 2 . (2-15)

As a check on the initial assumption that ,«<< 1, the following values will

be used in Eq. 2-15

A = 10- 6 erg/cm,

K = 103 erg/cm 3,

M = 700 e.m.u.,

T 1000A. (2-16)

Upon substituting these values into Eq. 2-15, it is found that

. " sin ct = 8 x 103 rad., (2-17)

which satisfies the original assumption.

Substituting Eqs. 2-14 and 2-15 into Eq. 2-9 and dropping lower
order terms yields

Ep = M2T2 [12+Int 14K -- )14. (2-18)

It is of interest to compare this energy with that of the "900
curling" configuration, E , and that of the "closure domain" configuration,
Ec, as a function of film thickness. These energies, normalized to the
"abrupt edge" energy, Ea, are shown in Fig. 2-7.

The results of Fig. 2-7 show that the "tapered edge curling" con-

figuration has, for the correct taper angle, a.lower energy than the
"closure domain" configuration over a large range of film thickness.
It appears, therefore, that films thicker than the 500A maximum pre-

viously predicted(6 ) may be deposited wherein the "closure domain"
configuration will not appear.
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Certain other extrema may be found from Eq. 2-10. One of these
is

cos4 =0,4) =9 0 ° . (2-19)

Another is found by assuming sin 4) to be relatively large. For the para-
meter values of Eq. 2-16, MT 2  5 x 0-5 and IOA/d - S x 10-9 .

Thus, for a value of sin 4 of the order of 0.1, the exchange term may be
neglected. This leaves

2 58 58 s 0 (2-20)

sin- + 9 sin 0.

The solution of Eq. 2-20 is

sin ) = 0.53, 4 = 320, (2-21)

which satisfies the original assumption.

The results of Eqs. 2-19 anct 2-21 indicate that E has a relative
maximum at 4 = 320 and a relative minimum at 4 = 90A Since Et
increases for 4 < o, it can be concluded that if E (4 = 320) is Peater
than E, there exists a taper angle -thickness ran9 about , as given
by Eq. 15 in which E <E . That E (4) = 321) is greater than E over
the thickness range 6P interest (T > tP4 50A) is shown in Fig. 2 -7.
Note that at =320, d = (15 M2/7K).( 5 )

2.3 Summary

The complete results of Chapter II, Report 570-A3, and the new
results presented here are shown in Fig. 2-8. In this diagram the
energetically -preferred edge configuration is presented as a function
of film thickness and edge-taper angle. These results opredict the
theoretical possibility of having films thicker than 500 A that will not
have "closure domain" edge configurations. The only requirement to
avoid "closure domains" is to deposit the films within the range of
taper angle indicated in Fig. 2-8.

Some experiments have been performed in an attemptoto observe
the absence of "closure domains" in films thicker than 600A. These
have met with limited success. This may be partly attributed to the
difficulty of depositing films with the correct taper -angle film -thickness
relationship. Some tapered-edge films of thickness 1500 A have been
deposited, however, that show an absence of the usual "closure domain"
pattern. While too few successes have been obtained to consider the
theoretical results as confirmed, they are sufficient to indicate a real
possibility of obtaining relatively thick films in which controlled domain
wall information storsge(7 ) is feasible.
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3. ELECTRON MICROSCOPE STUDIES

3.1 Introduction

In order to study directly the magnetization distribution at film
edges it was decided to prepare specimens appropriate for examination
in the electron microscope. The first method of preparation was to
evaporate films directly onto carbon-covered specimen grids. This
method was unsuccessful and it was decided to develop a technique for
stripping a film from a glass substrate. After various modifications,
it was possible to prepare useful electron microscope specimens by
this technique. A stripping technique of preparing specimens has the
considerable advantage of permitting macroscope examination of film
properties before the film is removed from the substrate.

3.2 Preparation of Films for Electron Microscope

3.2.1 Direct Deposition on Specimen Grids. The first method
used to prepare specimens for use in the electron microscope was to
deposit films directly onto carbon-covered specimen grids. The

.direction of the original orienting field was marked on the grids by
masking a section of the grid with a .straight edge perpendicular to -the
easy direction. The melt composition used was 80% Ni - 17% Fe -
3% Co. The substrate tmperature was 100 - 2000C and film -thickness
ranged from 200 to 500 A.

The films prepared by this technique were found to be unsatisfactory.
Their coercive forces were generally over 6 oe indicating poor film
quality. In addition, an extremely long edge taper was obtained.
As shown in Figs. 3-1 and 3-2, domain walls can be observed up to 100 1
past the apparent film edge. These walls have a very high coercive
force and cannot be removed satisfactorily. For these reasons, -it was
decided to try other techniques for the preparation of electron micro-
scope specimens.

3.2.2 Methods of Stripping of Films from Substrates. In developing
a technique for removing a film from its glass substrate, it was found
to be practically impossible to carry out the removal without severe
damage to the film. This was especially true when the substrates were
heated during deposition to improve film properties. To reduce film
damage, it was decided to coat the substrate with a dissolvable sub -
stance before film deposition.
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Figure 3-2. Domain Walls Extending Beyond Apparent
Film Edge. (200 Mesh -Grid)
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The first substance used was Formvar which dissolves in ethylene

dichloride. This was unsuccessful as the films tended to flake into

particles too small for practical use during the stripping operation.

Next the Ernest Fulham product, Victawet, was tried. Victawet

dissolves quite readily in water. With it as an undercoating, a film

can be easily floated off intact from its substrate. Particles of film

can then be easily broken off and floated onto carbon -covered specimen

grids for study in the electron microscope.

3.2.3 Film Preparation on Victawet Coated Substrates. The first
method used to prepare films on Victawet coated substrates was as
follows:

(a) Victawet was deposited onto suitably prepared 1" -square glass
substrates in the Hi-Vac system. The evaporation was from a
tungsten boat heated by passing a current through it. Boat temp-
erature reached 500°C during this process. The substrate was at
room temperature during Victawet deposition.

(b) The Victawet-overcoated substrate was transferred to the
CEC system where magnetic film deposition was performed.
It was found that a substrate temperature of over 1000C resulted
in a degradation of film properties. Experiments carried out in
air showed that Victawet developed a tacky surface when heated
above 1000C. It was thus felt that the exposure of the Victawet
coated substrate to air during transfer from the Hi-Vac to the
CEC system was responsible for the degradation of film properties
at substrate temperatures greater than 1000C.

To test this hypothesis the transfer time between systems was
allowed to vary from a few seconds to over 24 hours. A definite
relation was established between this transfer or air exposure time
and resulting film quality (e.g., coercive force, dispersion). Best
results were obtained when air exposure was reduced to the absolute
minimum necessary for substrate transfer between systems.

In order to eliminate exposure to air entirely the CEC system was
modified to allow deposition of both Victawet and film material without
admitting air to the system. The modified, system is shown in
Figs. 3-3 and 3-4. The tungsten boat used for Victawet evaporation
was placed on top of the shutter covering the magnetic alloy crucible.
This eliminates any possibility of angle-of -incidence effects for either
material.
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Figure 3-3. Modified Deposition System for Victawet
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Figure 3-4. Resistance Heated Tungsten Boat used for
Victawet Evaporation.
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Since exposure of the victawet -coated substrate to air was now
eliminated, it was hoped that an increase in substrate temperature would
lead to films with properties similar to those obtained by direct deposi-
tion on glass substrates. More specifically, films with an Hc of 1.5 to
3 oe, an Hk of 3 to 5 oe, and a dispersion of under 10, as measured on
the hysteresis curve tracer(1)were sought, simultaneously with the
ability to remove the filns from their substrates. A high substrate
temperature causes evaporation of the Victawet from the substrate
before the film can be deposited. It was hoped, however, that a substrate
temperature approaching 2500C (used for best results with non-coated
glass substrates) would be attainable.

A summary of the experimental results obtained is given in Table 3-1.
Best results were obtained by using a substrate temperature of 20 - 25*C
during Victawet deposition and one of 200 - 225 0 C during film deposition.
A deposition rate of 20 - 40 A/sec gave best results. At temperatures
higher than 2250C the films could not be floated off. Specimens prepared
at these optimum conditions compared favorably with the best films
deposited directly on glass substrates.

It was found that if the Victawet and the film were deposited through
the same mask, the film could not be floated off regardless of other pre-
paration parameters. It was felt that this was due to the film edges
passing beyond the Victawet and touching the glass directly. This problem
was solved by using the movable mask of Fig. 3-5. The Victawet was
deposited through the 1/4" wide slot shown in Fig. 3-5a while the film was
deposited through the 1/8" wide slot shown in Fig. 3-5b. With this tech -
nique, films float easily off the substrates if other preparation parameters
are correctly chosen.

The properties of Film #790A are shown in Fig. 3-6. Figure 3-6a
shows the switching output signal (B - H curve) in the easy direction
while Fig. 3-6b shows the same function in the hard direction.

3.3 Micrographs of Film Edges

In Figs. 3-1 and 3-2 the type of edges obtained by direct evaporation
on carbon-covered specimen grids is shown. An example of the sharp
edges possible by using a specimen prepared by the Victawet process is
shown in Fig. 3-7. Using electron microscope specimens with these
types of edges, a detailed study of magnetization distributions at film
edges is planned.
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Figure 3-5a. Mask Position During Victawet Evaporation.
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Figure 3 -5b. Mask Position During Magnetic Film Evaporation.
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I Figure 3 -6a. Switching Signal of Victawet Undercoated
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Figure 3-6b. Switching Signal of Victawet Undercoated

Film - Hard Axis Switching.
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Figure 3-7. Electron Micrograph of Film Segment Floated

off Victawet -Coated Substrate. (200 Mesh -Grid)
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3.4 Conclusions

Magnetization distributions in films are easily studies by electron
microscopy wherein magnetization ripple( 2 )makes direct observation of
magnetization direction possible. Direct preparation of films on
specimen grids is unsatisfactory due to (1) difficulty of obtaining relatively
sharp film edges, (2) unfavorable film parameters obtained, and (3) dif-
ficulty of making hysteresis and wall motion observations on such small
specimens.

It has been found that coating a substrate with Victawet before film
deposition enables the film to be easily floated off the substrate in a
water bath. By using appropriate substrate temperatures and deposition
rates films deposited on Victawet can be obtained with properties com -

parable to those of films deposited directly on glass. These films are
relatively large and can be easily examined in hysteresis curve or wall
motion apparatus before being broken up into electron microscope
specimens.

Specimens with relatively sharp edges can be obtained by this
floating-off and breaking-up technique. A study of magnetization dis-
tributions at film edges using this method of preparation will be
undertaken.
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4. MAGNETIC FIELD APPARATUS FOR ELECTRON MICROSCOPY

4.1 Introduction

The quantitative study of magnetization switching processes in thin
films requires means for observing magnetization changes as well as a
means for applying a known field to a film that is adjustable in direction
and magnitude. The Philips EM75B electron microscope has proved to
be a valuable instrument for observing magnetization distributions in
thin films, and it was desired to equip the instrument with precise field
generating apparatus. A switching field in early studies was produced
by a component of the objective lens field in the tilted plane of the thin
film specimen,(') but this field was uncalibrated in magnitude, and
uncontrollable in direction. A large field, furthermore, was produced
perpendicular to the film. Later studies utilized a rotatable soft iron
yoke as an electromagnet, but the field was non-uniform, and its mag-
nitude was non -linearly and hysteretically related to the energizing
current; the dipolar field produced large beam deflections, furthermore,
that necessitated large contiual adjustment of the specimen position with
changes in field magnitude.

The principle design objectives for the new field-generating
apparatus were:

(a) Uniform field in plane of film adjustable in magnitude and
direction;

(b) Capable of precise calibration, and magnitude of quadrature
field components linearly related to energizing current;

(c) Ability to rotate direction of constant-magnitude field;
(d) Minimal image deflection with change in field magnidu.

The chosen design consists of two pairs of coils producing quad -
rature fields. Each pair produces a quadrapole field that would in
principle not deflect the electron beam at all. In practice a small
deflection of one grid opening for each one or two oersteds of field
occurs; the residual deflection is useful for rapidly determining the
direction of the applied field (deflection is perpendicular to the field
direction).

4.2 Field Generating Coils

4.2.1 Theory of Coil Design. Since space inside the microscope
was limited (with objective pole pieces removed) it was decided to make
each coil of only one turn of wire. The geometry of the coil pair is
shown in Fig. 4-I, and for this configuration the magnetic field at a
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point a distance d from the center point (0) is in the plane of the film
(y - 0). It is assumed that the length of the four wires is much greater
than Dl or D2 .

The following relations are evident by reference to Fig. 4-1:

2 2 2D2 + (DI -d) R ;

D2 + (D +d) 2 ; R2 (4-1)

Also:

cos 01  D2 / R  ;

Cos 02 =D2/R 2  (4-2)

By symmetry it is clear that the y component of the field along the line
y = 0 is zero, and thus only an x component of field from the four wires
acts on the film.

We may thus write

H - 21/2w R1 cos 01 + 21/2w R2 cos e2  (4-3)

and using Eq. 4-2,

H = -I D 2  ( /R2 + l / R 2 )  (4-4)
1!1

Using Eq. 4-1 in Eq. 4-4 gives the result

ID2  2(D2 +D 2 + 1
H(d) - 2 + 2 1 2 2 )(4-5)

(D + 2d2 (D2 -D)+d4

At the center position (d = 0),

21 D2
H(O) - (4-6)(D2 24)
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Letting D2 = D, and D1 - at D, Eq. 4-6 becomes

21 1
H(0)= 21 (+c • (4-7)

Due to the physical size of the wires the two pairs of coils must be
made with different cross-sections. It is desired, however, to make
H(0) the same for both, i.e.,

D( +a 2) = constant. (4-8)

For coil(a) letD=0.25cm, ot =1; thenD(l+a 2) =0.50. For coil
(b) let D = 0.40 cm, so that 0.40(1 +a 2) = 0.50, or a = 0.5. Thus
for coil (a), D1 = D2 = 0.25 cm, while for coil (b), D2 = 0.40 cm,
D1 = 0.20 cm.

The width of the electron beam in the microscope is 0.10 cm at
maximum. Thus the maximum variation in the field can be determined
by calculating [ H (0.05) - H(0) /H (0), which is 2% for coil (a),
the worst case of the two.

Using Eq. 4-7 and the coil dimensions previously given,

H(0)/I- 2 - X = .1.6 eam
,100.5 x30 103 amp amp

(4-9)

To verify the theoretical value given by Eq. 4-9, a Bell Hall -Pak
BH-202 Hall effect probe has been purchased. After suitable mounting
this probe will be used to measure the field inside the quadratuce coil
form.

4.2.2 Description of Coils and Assembly. It was decided to
use wire of 0.055 inches diameter so as to have a minimum of heating
at currents up to 10 amperes. The coil forms were machined out of
two pieces of bakelite (see Figs 4-2 and 4-$ and fitted together (see
Fig. 4-4 ). U -shaped wire segments were carefully bent to the correct
dimensions and placed on the form. Small pieces of wire were placed
in the diagonal end slots and soldered in place to form the pair of coils.
The entire form was then dipped in a resistance paint and baked dry.
This was done to reduce effects due to surface charge in the electron
microscope. Thin-walled aluminum tubes were also fitted along the
electron-beam path to further reduce these effects.

4-4



TII

-1 0

000

4 -5



I,,\l I -- 1 -

III

-I - -I -

I, II

i I '0

ji' I i41-6
-oe

I ILI

4 - -



Of~j~ Bute Coil VOo

Fiu,4-3. Scgmlents o

4 -7



t -
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The coils were placed in the specimen chamber of the electron
microscope and carefully oriented. They were held in place by two
friction rings which were machined to fit snugly against the circular
chamber walls.

The four current lead-in wires were brought into the specimen
chamber by drilling a hole through the chamber wall. Four single-lead
vacuum seals were soldered, with the wires attached, into a special
header to effect a vacuum -tight seal. The lead -in wires were then
soldered to the previously positioned field coils. This completed the
assembly of the field generating apparatus inside the electron
microscope.

4.3 Current Supply For Field -Generating Coils

4.3.1 Specifications. The current supply for the field -generating
coils was designed to furnish the following functions:

a) Manual control of each coil current independently;
b) Sine -cosine control of the coil pair such that the angle and
magnitude of the magnetic field can be varied independently;
c) An a.c. linear erase wherein both coils are fed in phase,
with both angle and peak value of field independently controlled;
d) An a.c. circular ease wherein the coils are fed 90* out of
phase with the field amplitude variable;
e) A d.c. plus a.c. ripple input function with independent con-
trol of the d.c. level and a.c. ripple;
f) An external input where any other desired function generator.
can be connected.

4.3.2 Circuit Design. The overall circuit design is shown In
Fig. 4-5. The circuit is composed of the following main elements:

a) A multiple -control relay operated by a IlOV coil that
connects the transistor supply voltages to the circuit;
b) A powerstat control and filament transformer to supply
low voltage a.c. to the phase shifter and sine-cosine angle
control.
c) A phase shifter to supply two a-c signals of equal amplitude
but 90" out of phase, to the dual amplifiers;
d) A floating 6V battery to supply the sine-cosine angle con-
trol through a potentiometer and a 2N527 transistor;
e) A sine-cosine angle control to enable generating a constant
magnitude magnetic field at any angle (the control is a Computer
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Instruments Corp. sine-cosine potentiometer #6974-24, with a
resistance of 10K. It is paralleled with a voltage divider that
enables setting the voltage so as to drive the dual amplifiers
equally);
f) A five-position multi-gang switch that enables choosing one
of five modes of operation. These are:

1) Manual: Allows independent control of each amplifier
with a.c., d.c., or a combination as an input signal.
2) Sine -cosine: Allows independent control of field dir -
ection and amplitude, d.c. input.
3) Linear-erase: Allows independent control of field
direction and amplitude, a.c. input.
4) Circular erase: Allows rotating magnetic field of
controllable amplitude.
5) External: Allows any other signal to be applied to
the input stage of the amplifier.

g) Dual d.c. amplifiers, each consisting of the following
circuitry:

1) Three stages of current amplification by NPN transistors
connected as single-ended emitter -followers. The input to
the base of the input transistor is by means of a current di-
vider network whereby the overall gain of the amplifier is
controlled. Part of the current-divider network is a feed-
back loop from the emitter of the third stage to the base
of the first. This feedback loop serves two purposes; it
improves system linearity and provides a convenient method
of balancing the push-pull driver stage that follows.
2) A push-pull driver stage conbisting of a pair of com -

plementary transistors. The transistor bases are connected
to the emitter of the third single-ended stage by a resistive
phase divider network.
3) A power stage consisting of two PNP tetrodes, each con-
nected as an emitter-follower and driven respectively by
the emitter and collector of the complementary drivers.
Tetrodes are used to obtain improved linearity and low leakage
current with the transistor in its cut-off state. They are also
useful in equalizing the gain of the push-pull stages, as vary -
ing the biasing resistor on the bAck-biased base changes the
gain of the tetrode.
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4.3.3 Circuit Operation. Testing of the dual power supply
revealed several design flaws in the preliminary design which were
corrected. The supply was then calibrated and tested for linearity.
The linearity was found to be within 3% up to 2 amp. current (see
Fig. 4-6a) and within 10% at 4 amp. current (see Fig. 4-6b). This is
felt to be adequate for present purposes.

4.4 Conclusions

An apparatus for producing controlled magnetic fields in the
electron microscope has been designed and built. A power supply
capable of supplying the field coils with current for various modes
of operation has also been designed and constructed.

Preliminary tests on magnetic films in the electron microscope
using the new field equipment proved to be satisfactory. It was pos-
sible to nucleate and move domain walls controllably. It is planned
to use the externally controlled field to study edge effects (3, 4) and
partial switching (5) in thin magnetic films.
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Figure 4 -6a. Dual Amplifier Output - Circular Erase Mode.
(One Div. = One-Half Amp.)

Figure 4-6b. Dual Amplifier Output - Circular Erase Mode.
(One Div. = One Amp.)
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5. PARTIAL SWITCHING IN THIN FILMS

5.1 Introduction

The switching process in magnetic thin films possessing uniaxial
anisotropy is, generally speaking, a complex one. It may, however,
be broken down into two broad categories: sequential processes and
rotational processes. Neither of these types of processes necessarily
govern the switching behavior of a given film for all values of switching
field magnitude and angle. It has been found in many films that the
switching process may be best considered as a combination of elements
of the rotational and sequential models. Examples of rotational-
sequential combinations have been reported in the literature when the
switching field is in the easy and/or hard direction. (l, 2) In this chapter
evidence will be presented to show that a rotational -sequential process
may also occur when the switching field is oblique to the film's easy
axis. A theoretical model of the process will be presented and experi-
mental evidence generally confirming the theoretical expressions will
be shown.

The model to be presented will, in general, yield a hysteresis
loop of the type shown in Fig. 5-1. The first (or partial) switch is a
rotational one with regions of the film switching rotationally. These
regions alternate with unswitched regions as shown in Fig. 5-2.
This sequence of switched and unswitched domains occurs because of
the angular dispersion of the easy axis. The large demagnetizing fields
that occur when the rotational switch takes place forces the magnetiza-
tion in the unswitched domains to rotate back toward the easy axis.(3)
The state thus formed is similar in many respects to the hard-axis
remanent state.(0) The remaining unswitched magnetization is switched
sequentially when the switching field is further increased. The two ways
in which this may occur are shown in Fig. 5-3 and Fig. 5-4.

5.2 Theoretical

5.2.1 Rotational Model. In the model to be discussed, the
switching mechanism will consist of rotational and sequential phases.
The pure rotational switching model has been discussed rather fully in
the literature .(4, 5) However, it may be best to present certain aspects
of this theory in detail and then show where the rotational -sequential or
partial switching model departs from the pure rotational one.
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Figure 5-2. The Partially Switched State.
(Arrows Indicate Magnetization Direction)
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Figure 5-3. Sequential Switching of Partially Switched State
by Motion of Partial Switching Walls.
(Arrows Indicate Magnetization Direction)
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Figure 5-4. Sequential Switching of Partially Switched State
by Easy Direction Wall Motion.
(Arrows Indicate Magnetization Direction)
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The basic elements of the pure rotational model are shown in
Fig. 5-5. The switching field is applied at an angle of (1800 - 0 ) to the
easy direction in which the magnetization would lie with no applied field.
As the applied field is increased in magnitude the magnetization rotates
away from the easy direction toward the applied field in a coherent mode.
At a certain value of applied field, depending only on the anisotropy and
magnetization constants, there will be a sudden and irreversible switch
of the magnetization past the hard direction. The relation desired is
that between the switching field angle and magnitude when the irreversible
rotation occurs.

The energy per unit volume, E, is composed of anisotropy and

magnetostatic terms and may be written as

E=Ksin 2+MHcos(0+0) , (5-la)

I where K is the anisotropy constant, M is the magnetization, H is the
applied field, 4 is the acute angle between the magnetization and the
easy axis, and 0 is the acute angle between the applied field and the
easy axis.

The irreversible rotation will occur when( 5 )

]= H= i a2E/802 ]= H=H =0 (5-lb)

where +. and H are the values of magnetization angle and applied fieldr

magnitude respectively when the switch occurs. Differentiating
Eq. 5-la, setting 4 = 4o and H = Hr , and equating to zero yields

K sin 2 -. - MH r sin (0 + ) = 0 , (5-2a)
I and

2K cos 24o - MHrCos 1e +0.) = 0 . (5-2b)

Transposing and dividing Eq. 5-2a by Eq. 5-2b yields

tan 240 = 2 tan (0 + 4o) (5-3)

Using appropriate trigonometric substitutions, Eq.5-3 becomes

tan 0 =(tan 1)/3  (5-4)
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Substituting Eq. 5-4 into Eq. 5-2 and using various trigonometric
identities yields

(Hk/Hr) 2 / 3 = cos 2/3 0 + sin 2/3 0, (5-5)

where Hk is the rotational coercive force and is equal to 2K/M. Equa-
tion 5-5 is the desired relation between the applied field angle and
magnitude when the irreversible rotation occurs.

5.2.2 Modification of Rotational Model. The main film para-
meter that makes a modification of the rotational model necessary is the
angular dispersion of the easy axis. For model purposes this dispersion
will be assumed to have a square-wave distribution of wavelength 2D in
the easy direction with a magnitude of ot as shown in Fig. 5-6. This
easy -axis dispersion means that the applied field angle 0 given in
Eq. 5-5 is no longer constant over the entire film. If 9 is defined more
generally as the angle between the applied field and the average easy
axis, then the actual angle between the field and the easy axis is (0 + o)
and (9 - ai) in alternate regions of the film. The easy-axis dispersion
thus appears quantitatively as a variation of the applied field angle.
This in turn affects the magnitude of the applied field at which switching
will occur. This modification of the rotational model is shown in Fig. 5-7
wherein Eq. 5-5 is plotted and the effect of easy-axis dispersion on
switching field magnitude is shown.

Two possible cases are shown in Fig. 5-7, depending on whether

9 > 450 or 0 < 450. For 9 < 450 the (9 + a) state would switch at a lower

applied field magnitude while for 9 > 450 the (9 - a) would switch at a
lower magnitude of applied field. It should be noted here that partial
switching does not occur for all values of 9. Whenever the wall motion
coercive force Hw is less than the rotational coercive force Hr the
complete switching process will be a sequential one. For 9 = 00, Hw is
equal to Hc, the easy-direction wall-motion coercive force. It is not,
however, equal to Hc for all values of 9. A minimum switching angle
Oc may be defined as that angle below which the switching process will
be a sequential one and above which it will be a partial rotational one.
The crossover between switching processes is shown in Fig. 5-7.
Figure 5-7 also indicates that the easy -axis dispersion lowers the mag-
nitude of the switching field below the rotational switching threshold of
the coherent mode.

Actually many of the predictions given in the preceeding paragraph
are incorrect. The main reason for this is that the demagnetizing fields
that occur when the irreversible rotation starts to take place have not
been included in the modified model.
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Figure 5-7. Magnitude of Rotation Switching Field as a Function
of the Angle Between the Field and the Local Easy Axis.
(Case 1: 0 < 45, Case 2: 0 > 450)
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The effect that the demagnetizing field will have on the rotational
part of the switching process depends mainly on n = (l/d), the number
of walls/unit length created by the switching process. The distance d is
the wall spacing. The partial switching process will be somewhat
different for relatively large or small n.

For the case of 0 < 450 the value of n does not have a very pro -
nounced effect on the partial switching process. As stated before the
(0 + c ) regions will be the ones partially switched regardless of the
value of n. The demagnetizing fields will be kept small, even for
large n, by a counter -rotation of the magnetization in the (0 - a ) regions.
The effect of large n will be mainly to increase the field magnitude at
which the partial switch takes place.

For the case of 9 > 450 the effect of n on the switching is more
significant. For small values of n the effect of the demagnetizing field
will be small. This indicates that the initial prediction of the (9 - a)
regions being the ones partially switched should hold. In switching,
however, the (9 - a ) state will become coherent with the (9 + a ) state.
In this case, the effect of the coupling of regions by the demagnetizing
field will tend to carry the (0 + a ) state through an irreversible switch
along with the (9 - at) state. That is, for low n and 0 > 45* the switch
should be essentially a full rotational one.

For large n the demagnetizing ield will raise the field necessary
for a partial switch of the (9 - a) state. If n is large enough the field
necessary for a switch of the (9 - a) state will become greater than
that necessary for a switch of the (0 + a) state. The effect of the demag-
netizing field on the field magnitude necessary for the (0 + a ) state to
switch is less than its effect on the (9 - a) state switching field. This is
due to the fact that a switch of the (9 + a ) state can occur with a relat -
ively low demagnetizing field due to the concurrent counter-rotation of
the (B - a ) state. Thus for large n and 0 > 450 the switch will be a
partial rotational one, similar to the situation when 0 < 45o.

5.2.3 Demagnetizing Field Calculations. Consider a film of
thickness T under the conditions shown in Fig. 5-8. During and after
the partial switching the walls may have a unipolar in addition to the
usual dipolar charge distribution. If such a.unipolar charge distribution
is considered to be present the demagnetizating field due to the dipolar
wall charge may be neglected. The film is considered as broken up into
regions by walls spaced a distance d apart. These walls carry alter-
nately a magnetic charge of + Q per unit area. To simplify the math -
ematical procedure, the walls will be considered as infinite sheets of
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charge for regions very close to the walls and as lines of charge
elsewhere. A crossover point will be established by equating the fields
resulting from these two approximations.

5.2.3.1 Infinite Sheet of Charge. The case of the infinite
sheet is shown in Fig. 5-9a. Considering the Gaussian pillbox shown
yields

Hs =(41r Q) = 2Q, (5-6)

where Hs is the field due to the infinite sheet.

5.2.3.2 Lines of Charge. The case for lines of charge
is shown in Fig. 5-9b. Considering only one line of charge yields a
field H, given by

HI =41rQT/2nrr=2QT/r , (5-7)

where QT is the charge per unit line length and r is the distance from
the line of charge.

Adding the field contributions from all the lines of charges
yields the total field H, as

k =+oo
k

H1 =2QT (1) (5-8)
kd+r

k-- .oo

The sum in Eq. 5-8 is evaluated by the method of residues. Taking a
function f (z) as

f (Z) =d (5-9)
zd+r z+r/d (5-9)

the residue of f (z) at z = r/d is (l/d). H, is given by(6)

H =-2QT Residue [ wf (z) cse (ir z)];z= ], (5-10)

H1 = d sin(r/d) (5-I)
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The crossover value, r = r., is found by equating Eqs. 5-6 and
5-11. This yields

2irQTdsin(rTd) 2wQ . (5-12)

Assuming irro/d < < 1 in Eq. 5-12 yields

r. = T/Tr (5-13)

Using Eqs. 5-6, 5-11, and 5-13, the average demagnetizing field,
Tr , in a region bounded by a pair of walls may be found as

D r, d/2

TD = d Hs dr+ HI dr (5-14)

The integration yields

d 4-ed (5-15)u d Tn

In terms of n = l/d Eq. 5-15 becomes

"D =4nQT n(2e/nT) . (5-16)

The total effect of n on 1TD is not completely shown by a cursory exam -
ination of Eq. 5-16. Q, the surface charge, depends on the direction of
the magnetization in the domains ajacent to the wall. These magneti-
zation directions will, in part, depend on ITD . Thus Q is itself an
implicit function of n. In addition n itself will depend on the film thick-
ness T or, inversely, T is a function of n. To emphasis these facts
Eq. 5-16 may be written as

1TD(n) =4nQ(n)T(n)In.[2e/nT(n)] (5-17)

The main fact to be noted, however, is that the switching process does
depend on n, the number of walls per unit length. A relation between
the demagnetizing field ITD and the number of walls n has been shown
to exist.
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5.2.4 Calculation of Energy of Partially Switched Configuration.
It is of interest to develop a model that will yield the direction of the
magnetization in alternate domains after the partial switch takes place.
To do this it is necessary to compute the various terms in the energy
expression. The basic configuration is shown in Fig. 5-10.

5.2.4.1 Basic Relations. Some of the basic parameters
shown in Fig. 5-10 are related to those found in the discussion of the
rotational model. The walls are assumed to form perpendicular to the
magnetization direction in the (0 + ct ) state before the partial rotation
occurs. Thus, from Eq. 5-4, it follows that

i

cot*=[tan(0+a)] 3  , (5-18)

where * is the acute angle between the domain walls and the average
easy axis. With the easy axis dispersion model shown in Fig. 5-6, it
follows that d, the distance between walls, is given by

d=Dsin* , (5-19)

where D is one-half the easy axis dispersion wavelength. With the
magnetization directions in the domains defined as #l and 62 in the
switched and unswitched regions respectively, as shown in Fig. 5-10,
the unipolar charge ± Q on the walls is given by

Q=±M[ cos 1 -cosl, 2 ] . (5-20)

5.2.4.2 Wall Energy Calculations. If 4l is equal to 402 the
wall energy could be computed as that of a remanence-type Neel Nall(l).
In order for the configuration to be stable, the demagnetizing energy
must be of the same order of magnitude as other energy terms. Thus,
an assumption that #1 = 62 appears reasonable. Defining an average
remanence angle 0 = (01 + 02)/2, the wall energy, Ew (per unit length
in the easy direction) is approximately (7)

E =E ( iL ) ( I ) (I -cos )2, (5-21)
w n sin* D

where En is the energy per unit wall length of a 1800 Neel wall, and
W is the film width in the hard direction.
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5.2.4.3 Anisotropy Energy Calculations
a) Switched Regions. The angle, Y1, between the easy

axis and the magnetization in the switched domains is given by

= 1-1 + 2 W. (5-22)

The anisotropy energy, E.k, of the switched domains, per unit film
length in the easy direction is

E dKT( W Dsin si si n2 Y (5-23)
Ekl"T - ) (,2D ) i 2 l " 5-3

k I ~sin * I4r

b) Unswitched Regions. The angle, 'Y2' between the
easy axis and the magnetization in the unswitched domains is given by

'Y = - 2 +  I + -a- - * . (5-24)

The anisotropy energy, E. , of the unswitched domains per unit film
length in the easy direction is

EWKT____ D n s 2in2Y2
k2 = 71 n-)( 2D ) s (5-25)

5.2.4.4 Demagnetization Energy Calculations. The average
demagnetizing field has been calculated previously and is given by
Eq. 5-15. In using Eq. 5-15 the values for d and Q given by Eqs. 5-19
and 5-20 must be used.

a) Switched Regions. The demagnetization energy, ED I
in the switched state per unit length of film in the easy direction is
given by

ED.i T(W D sin (5-26)

ED I 2D asn

This may be rewritten as

ED = 4 MT W cos (5-27)

b) Unswitched Regions. The demagnetization energy
ED2 , in the unswitched state per unit length of film in the easy direction
is given by

W D sin )
ED 2 =- . M2 T(in) ( 2D " (5-28)
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This may be rewritten as

ED 2 =* - DMTWcos 2  (5-29)

5.2.4.5 Switching Field Energy Calculations
a) Switching Regions. The angle, 6V between the

applied field and the switched magnetization is given by
iby

6 = !.+ * ' " o . (5-30)
1 21

The energy, EAI, in the switched domains due to the applied switching
field, computed per unit length in the easy direction is

EA1  MT'- -W D sin*(3Al . (sin*) 2D (5-31)

This may be rewritten as

EAl=- I HMTWcos 61 . (5-32)

b) Unswitched Regions. The angle, 62, between the
applied field and the unswitched magnetization is given by

62= M+ +42"0 . (5-33)
2 2 +420

The energy, EA2 , in the unswitched domains due to the applied switching
field, compute" per unit length in the easy direction is

E -H . M T s Ds ' (5-34)

A2 2 2

This may be rewritten as

EA2=- HMTWcos 62 (5-35)

5.2.4.6 Summation of Energy Terms. The various terms
contributing to the energy of the partially switched configuration are
given by Eqs. 5-21, 5-23, 5-25, 5-27, 5-29, 5-32, and 5-35. Summing
these terms yields the total energy, ET, per unit length in the easy
direction as
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En
T -=W s (l -cos (41 + 2)] (5-36)

+ IKTcos2 ( *+a -01 
] + fKTcos 2 2 - + 0]

+M 2T2  [in 2eDsin (Cos - Cos 2
D sin * T 1 2

+ HMTsin( --- )+ HMTsin( -0+0 2 ).

The equilibrium magnetization angles l and #2 are found
by equating ET/ and E2/ ' 2 simultaneously to zero. If, in
addition, it is desired to find the applied field, Hf, necessary to switch
the 02 state rotationally, 2ET/( 02)2 must also be equated to zero.
The resulting trio of equations are then simultaneously solved for

l1' "2' and Hf.

5.2.5 Deduction of Parameters from Partial Switching Model

5.2.5.1 Calculation of Equilibrium Magnetization Angles.
Before proceeding to calculate the various derivitives of Eq. 5-36, it
is desirable to simplify its form somewhat. The following substitutions
will be used:

h = H/M, (5 -37a)

hk = 2K/M 2 = Hk/M, (5-37b)2eD sin
a = (4T/D sin) In T s (5-37c)

e = En/M 2DT sin *, (5-37d)

SE9 / M 2 TW. (5-37e)

Note that h, hk, a, e , and 4 T are all dimensionless quantities.
Substituting Eq. 5-37 in Eq. 5-36 yields

2 T = 2E [I - cos ( 1 +"02) ]2 + (5-38)

ihkcos 2
[ + e - ]1 + Ihk cos 2  a+ 2

] +

Sa[ cos 4, -cos +2 12 +

h sin(- h sin +
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The pertinent equations can now be found by finding the various
derivatives of Eq. 5-38 and equattin them to zero. This yields

[T/ l ] = 0 ; (5 -39a)

2 f [1 - cos I ( 1 + 2 ) ] sin (1 + 
2 ) +

1hksin2[*+ a- i] -a[ cosp -cos 2 ] sini -

h cos(*- e- 1) = 0,

[ T/a 2 ] =0 ; (5 -39b)

26 Il -cos (l+ 4 2) I sin(cl +4 2 )

Ih sin 2[ - a + 4)2 ] +a r cos o Co S02  sin 2 +

hcos( 4- +2)= 0,

[2 Y( 2)2] = 0; (5 -39c)

e1 Cos (1 +2) cos 2 )

sin2 ( 1 +' 2 ) -hk cos 2 -a+ 2 ]-h sin - + 1 )-

a [ cos 1 -Cos 2 ]Cos 2 + sin 2 2 = 0.

The simultaneous solution of Eqs. 5-39a, 5-39b, and 5-39c
requires the aid of a computating machine. However, the simultaneous
solution of Eqs. 5 -39a and 5 -39b can be found approximately by corn -
paratively simple means. This yields the equilibrium values of +1 and

42 as a function of applied field. To illustrate the procedure used and
the type of results obtained, a solution of Eqs. 5 -39a and 5 -39b will
be presented. The following values of the primary film and applied
field parameters will be used:
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0

T = 500A (5-40)

En =30 x 10" 6 erg/cm

D =200

H = 3oe

M = 700e.m.u.

a =10

H 3oe

0 = 300

From these primary parameters the following secondary quantities
can be found:

hr = Hr/M = 2.2 x l0 "3  (5-41)

hk = h=4.3x10 3

4 = 50 °

= 0.8 x 10 3

a = 12.7x10
- 3

The method used to solve Eqs. 5-39a and 5-39b is to treat the
wall energy as a first order perturbation of the magnetization angles
obtained by ignoring the wall energy term. The calculations involved
in this process are shown in Table 5-1. The resulting curves are
shown in Fig. 5-11. The pair of curves in Fig. 5-11 intersect at
three points. These intersections are extrema of Eq. 5-38. Upon
substituting the values of 1 and +2 at the extrema into Eq. 5-38 the
following is found:

a) *l = 62.50 9T = 1.90 x 10" , (5-42a)

2= 37.50

b) + = 730 4T = 1.87 x 10 " , (5-42b)

2= 550

c) 10 1170 4T= 2.xlO . (5-42c)

2= 1200
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The results shown in Eq. 5-42 indicate that states (a) and (c)
are energy maxima while (b) is an energy minimum. The following
interpretation may be placed on the above results. State (a) is related
to the energy maximum that the switched magnetization went through
in achieving the partially switched state. State (b) is the actual state
the magnetization now is in for the given film and field parameters of
Eq. 5-40. State (c) is related to the energy maximum that would have
to be overcome if the magnetization in the 42 state is also to be switched
rotationally.

The above discussion and calculations indicate how the partial
switching model may be used to calculate the magnetization distribution.
It shown that the proposed model is capable of predicting, on an energy
minimization basis, the type of partially switched states seen
experimentally.

5.2.5.2 Calculation of Rotational Field Hf Necessary to Switch

*2 State. To show why the 42 state is switched sequentially, it is
necessary to compute Hf, the field necessary to switch the 4)2 state
rotationally, and show that it is greater than the field necessary for
sequential switching. The general solution of Eq. 5-39 for Hf requires
the use of a computing machine as stated earlier. However, by
assuming that the switched magnetization state, 01, is parallel to the
applied field when a rotational switch of state 02 occurs, an initial
approximate solution may be obtained. This solution in turn allows
further approximate solutions to be found. Using the parameters of
Eq. 5-40 and setting 0, = 1100 in Eq. 5-39a leaves

1.6 [1 - cos (550 +-L2) ] sin (55 +± 2) + (5-43)

12.0 cos -2.22

Using pertubation methods up to second order, the solution of
Eq. 5-43 is 42 = II*. Setting 01 = 1100 and 02 = 111 in Eqs. 5-39b
and 5-39c yields hf = 5.5 x 10-3 and hf = 10.7 x 103 respectively.

Repeating the above process by setting 01 = 1000 and
hf = 8.1 x 10- 3 (obtained by averaging the first pair of values) in
Eq. 5-39a yields 102 = 910. This in turn gives hf = 7.8 x 10"-, and
hf = 13.6 x 10"3 from Eqs. 5 -39b and 5 -39c respectively.
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Setting 01 = 950 and 02 = 850 in Eq. (39) yields hf = 23.3 x 10- 3 ,

11.0 x I0- 3 and 14.6 x I0-3 from Eqs. 5-39a, 5-39b, and 5-39c
respectively.

It seems from the above calculations that a value of hf of
about 13 x 10-3 is not unreasonable. In other words Hf - 3 Hk for the
given film and applied field parameters. However, Hw, the wall
motion coercive force, is generally less than 1.5 Hk. Thus it is
reasonable to expect that the final switching of the 02 state will be a
sequential, rather than a rotational, process.

5.2.6 The Sequential Switching Process. As stated in the
previous section, the 02 state will be switched sequentially. The model
of the sequential switching process will be broken into two distinct
types, although the actual switching may be a combination of both.
The two types are: (1) nucleation and motion of a domain wall in the
easy direction; and (2) motion of wall pairs such as to shrink the 02
domains and enlarge the l domains.

To show theoretically which of the sequential processes is
energetically preferred as a function of switching field magnitude and
angle is a problem of major proportions. To reach even tentative
conclusions, it will be necessary to make assumptions that greatly
simplify the problem.

The simplest assumption to make is that the coercive force
necessary to move either an easy direction wall or the walls created
by the partial switching process depends only on the angle between
the wall and the switching field. That is, the wall motion field Hw is
assumed to be given by

Hw = Hc/cos , (5-44)

where Hc is the coercive force when the wall and field directions are
parallel, and 0 is the angle between the field and the wall. It will be
assumed that Hc is a constant independent of the wall type under con-
sideration. For a wall in the easy direction, 0 is equal to 0. For the
walls of the partially switched state 0 is equal to ( * - 9 ). The curves
of * vs 0 and (* - 9) vs 9 are obtained from Eq. 5-18 and are plotted
in Fig. 5-12. It is assumed that a is negligible compared to 9 for
9 > 0c, the minimum field angle at which partial switching can occur.
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In order to completely switch the 412 state sequentially, the
applied field must be increased by an amount A Hw over the initial
field value Hw at which wall motion will occur.

The angular dependence of A Hw will be assumed to be some-
what different than that of Hw. This is to take into account the experi-
mental fact that A Hw is greater for walls inclined to the easy axis
even if the applied field is parallel to the wall in both cases. This
dependance on the angle between the field and the easy axis is taken
into account theoretically by assuming that

A Hw = AHc/cos 0. (5-45)

Here A Hc is the additional field necessary to complete the sequential
switching process when both the applied field and the domain wall are
in the easy direction. It will be further assumed, for definiteness,
that A Hc = Hc/3,

The curves of Eqs. 5-44 and 5-45 are shown in Fig. 5-13.
From Fig. 5-13, the following conclusions may be drawn:

a) For 9 < 150, the sequential process is that of easy
direction domain wall motion (if it is assumed that GC < 150
this also takes in the case of no partial switching).
b) For 15" < 9 < 250, the process is that of easy direction
wall motion, followed by and concurrent with motion of the
partial switching walls.
c) For 25* < 0 < 500, the process is that of motion of the
partial switching walls, followed by and concurrent with
motion of an easy direction wall.
d) For 0 > 50" the process consists entirely of motion of
the partial switching walls.

It should be emphasized here that the above conclusions are
subject of two previous conclusions, i.e., no partially switched state
occurs until Hr < Hw (i.e. 0 > 9 c), and the switching process may be
completely rotational for 0 > 45* in certain cases.

This concludes the theoretical analysis of the partial switching
process and subsequent sequential process. The next section will
present experimental evidence of the types of switching processes
under discussion.
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Figure 5-13. Theoretical Wall Motion Coercive Forces of
Partially Switched and Easy Direction Walls
vs. Applied Field Angle.
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5.3 Experimental

Experimental data on films exhibiting partial switching was
taken using two techniques. These were (l) examination of the switching
output signal in a hysteresis curve tracer (8), and (2) examination of
domain walls produced during switching using Bitter solution to outline
the walls.

5.3.1 Analysis of Switching Signal Data. In a hysteresis curve
tracer the electrical output signal is proportional to the time rate of
change of the flux. The conventional hysteresis loop is obtained by
integrating this output signal.

It has been found that the partial switching phenomena can be
best analyzed by presenting the output signal directly rather than its
integral. Examples of the type of data taken are shown in Figs. 5-14
through 5-17 for various specimens and applied field angles.

The data presented in Fig. 5-14 confirms many of the ideas
discussed theoretically. The film on which this data was taken has a
thickness of 300A, an Hc of 4.1 oe, and an Hk = 4.0 oe. As Fig. 5-14b
shows, the partial switching mode is clearly distinguishable at an
applied field angle of 150. This is to be expected for an inverted film
where Oc = 0. The three switching signal peaks in Fig. 5-14h and
Fig. 5-14c are (for increasing H) due to partial rotation, motion of
paired partial rotation walls, and motion of easy direction wall.

Evidence confirming this order of events will be discussed
in the next section. For this film, the switching mechanism hecomes
a purely rotational one for 9 = 45*. This is shown in Fig. 5-14d. This
type of behavior-is accounted for theoretically by assuming that the
number of walls/unit length of the partially switched state is relatively
low. This point will be discussed more fully after additional data is
presented.

The switching signal output of another film is sbown in
Fig. 5-15. Here Hk = 4.0 oe, Hc = 3.6 oe, and T = 360A. Since this
specimen is not inverted, Oc 0 0. A comparison of Figs. 5-14b and
5-15b illustrates this fact. Both of these output signals are taken
at 0 = 150. Note that the distance between the rotational and sequential
peaks in Fig. 5-14b is greater than the corresponding distance in
Fig. 5-15b. This is what would be expected theoretically, as Hc/Hk=l.0
for the specimen of Fig. 5-14 and Hc/Hk = 0.9 for the specimen of
Fig. 5-15.
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Figure 5 -16. Switching Signal Output of Specimen for
Various Applied Field Angles. (Hor. Scale:
One Div. = Two oe.), Hc = 3. 0 oe, Hk =3.4 oe

T 600A.
(a) 9 =00 (easy axis)
(b) 9 =150I (c) 9 =30*
(d) 9 = 45-

(e) 9 =550
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Figure 5-17. Switchin~gSignal Output of Specimen for
Various Applied Field Angles. (Hor. Scale:

OneDiv =One oe.)
()0=130

(b) 9 =310
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Another point to note is that the output signal of Fig. 5-14d,
taken at 0 = 450, is not quite purely rotational. This would indicate
that the number of walls/unit lengthoof the partially switched state
increases as T increases from 300A to 360A.

To further test the hypothesis that the number of walls/unit
length of the partially switched state increases with film thickness,
the data of Fig. 5-16 was taken. Here Hk = 3.4 oe, Hc = 3.1 oe, and
T = 600A. Here it is found that the switching does not become a
rotational one until 0 = 600. This again indicates an increase of walls/
unit length with film thickness. Further data taken on films of
900 - 1000A showed a rotational-sequential switching pattern until an
angle of 70* - 80 ° was reached. From this data and the theoretical
model presented, it appears that the number of walls/unit length of
the partially switched state is an increasing function of film thickness.

While Fig. 5-14 shows rather clearly that the sequential
switch involves two processes, the same conclusion cannot be drawn
from Figs. 5-15 or 5-16. This can be accounted for by theorizing that
the coercive forces associated with partially switched and easy
direction wall motion are so nearly equal that their output signals merge
into one. Another possibility is that the merging is between the rota-
tional signal and the partially switched wall motion signal.

This latter possibility is shown in Fig. 5-17a, taken at 9 = 130.
Close examination of this signal shows that the sequential signal of
lower coercive force is almost indistinguishable from the rotational
output signal. In Fig. 5-17b, taken at O = 310, the switching process
seems to consist of a partial rotational followed by only one type of
sequential process. This is in qualitative agreement with the theoretical
ideas presented'in Section 5.2.6.

It might be noted here that all films on which data is presented
in this section and the one following were vacuum deposited from a melt
composition of 80% Ni/ 17% Fe/ 3% Co in the form of strips I" long
and 1/8" wide. By the use of external magnetic films the films were
deposited such as to have their easy axis in the short direction.

5.3.2 Analysis of Bitter Patterns: A clear picture of the
switching processes under discussion may be seen by observing the
formation and motion of domain walls by the use of Bitter or powder
pattern techniques.
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An example of the partially switched state is shown in
Fig. 5-18 as observed by dark-field microscopy. The specimen of
Fig. 5-18 is the same as that of Fig. 5-14. When the applied field
magnitude is further increased the walls move as shown in Fig. 5-19.
Another example of wall pairing in another specimen is shown in
Fig. 5-20 as observed by phase-contrast microscopy. A further
increase in applied field causes the formation and motion of an easy
direction wall which completes the switching process; this easy-
direction wall motion process is shown in Fig. 5-21 for another
specimen.

The processes illustrated by Figs. 5-18 through 5-21 are
consistent with the theoretical process and the interpretation drawn
from the switching signal data of Figs. 5-14 through 5-17.

5.4 Conclusions

For many films the switching process cannot be classified simply
as a rotational or wall motion process. This fact is especially apparent
when the switching process is observed as a function of the angle
between the applied field and the easy axis.

A theoretical model was presented that shows the initial
switching process to be a partial rotation of alternate regions of the
film. This partially rotated state is "locked-in", as far as further
rotational switching is concerned, until the applied field magnitude is
greatly increased. The switching is completed, therefore, by a
sequential, or wall motion, process. This process may consist of
motion of the partially switched walls, or nucleation and motion of an
easy direction wall. In certain cases, both sequential processes may
occur.

5-34



Figure 5 -18. Example of the Partially Switched State,
Dark Field Illumination. (Mag. = 180X)
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Figure 5-19. Example of Motion of Paired Partially Switched
Walls, Dark Field Illumination. (Mag. = 180 X)
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I Figure 5-20. Example of Motion of Paired Partially Switched
Walls, Phase Contrast Illumination. (Mag. = 150 X)
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Figure 5-21. Example of Easy Direction Wall Motion, Dark
Field Illumination. (Mag. = 115X)

I
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APPENDIX

In certain cases, it may be of interest to calculate the energy
of the partially-switched state after some motion of the partially-
switched walls has taken place. For this case, the configuration is
shown in Fig. 5-22. The result given for the infinite sheet -of-charge
case in Eq. 5-6 still applies, but a new result analagous to Eq. U is
necessary.

For one line of charge, the result is given by Eq. 5-7 as

HI = 2QT/r . (5-Al)

Summing over all the charged wall yields

k=+oo - 1
H1 = 2QTZ I _ I .(-2

k=.H0 2kd+r 2kd+(a+r) (5-A2)

Using the method of residues(6)which states that

+00
E f(k)=- E Res[wrf(z) cotirz ] , (5-A3

k= -0

where the ,,!ccond sum is over the poles of f (z), Eq. 5-A2 becomes

H1 = -.0T [ cot ff(a+r) (5-)
I d [cot 2 d 2d

With suitable trigonometric manipulation, Eq. 5-A4 becomes

H = I (5-A5
d sin ' + 2 sin cot 2"d

d 2 id

The modification of the partially-rotated state due to motion of

the partially switched walls can be taken into account theoretically by
substituting Eq. 5-A5 for Eq. 5-11. Other slight changes to take the
now unequal widths of the switched and unswitched states into account
in calculating anisotropy and magnetization energy terms are straight-
foreward. All calculations are analogous to those given in the text.
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